ABSTRACT: Studies aimed toward glycan biomarker discovery have focused on glycan characterization by the global profiling of released glycans. Site-specific glycosylation analysis is less developed but may provide new types of biomarkers with higher sensitivity and specificity. Quantitation of peptide-conjugated glycans directly facilitates the differential analysis of distinct glycoforms associated with specific proteins at distinct sites. We have developed a method using MRM to monitor protein glycosylation normalized to absolute protein concentrations to examine quantitative changes in glycosylation at a site-specific level. This new approach provides information regarding both the absolute amount of protein and the site-specific glycosylation profile and will thus be useful to determine if altered glycosylation profiles in serum/plasma are due to a change in protein glycosylation or a change in protein concentration. The remarkable sensitivity and selectivity of MRM enable the detection of low abundance IgG glycopeptides, even when IgG was digested directly in serum with no cleanup prior to the liquid chromatography. Our results show a low limit of detection of 60 amol and a wide dynamic range of 3 orders magnitude for IgG protein quantitation. The results show that IgG glycopeptides can be analyzed directly from serum (without enrichment) and yield more accurate abundances when normalized to the protein content. This report represents the most comprehensive study so far of the use of multiple reaction monitoring for the quantitation of glycoproteins and their glycosylation patterns in biofluids. M ultiple reaction monitoring (MRM) is a technology that is valued for its potential toward the reliable quantitation of analytes of low abundance in complex mixtures.
M ultiple reaction monitoring (MRM) is a technology that is valued for its potential toward the reliable quantitation of analytes of low abundance in complex mixtures. 1 MRM is often performed on triple quadrupole (QqQ) instruments, whereby a predetermined precursor ion is selected in the first quadrupole (Q) and fragmented in the collision quadrupole (q); a predetermined fragment ion is selected in the third quadrupole (Q) for detection. A high selectivity is obtained due to the two selection steps that filter out coeluting background ions. Moreover, the nonscanning nature of the method allows for high sensitivity and a linear response over a wide dynamic range. These features facilitate the robust quantitative analysis of lower abundance compounds in complicated mixtures. While MRM has often been applied for quantitation in metabolomics 2, 3 and proteomics 4, 5 settings, its use for glycan and glycoconjugate analyses has been limited. A possible reason being that MRM is mostly performed on QqQ instruments that are often optimized for small molecules with mass ranges and ion optics often not suited for large glycopeptides.
Glycosylation is one of the most common protein posttranslation modifications. Nearly 70% of human proteins are glycosylated, 6 and glycans play an important role in cell−cell and cell−matrix interactions. Many diseases are associated with aberrant protein glycosylation. 7−11 As a result, there has been an increasing interest in glycans as biomarkers for diseases. 12−16 Approaches toward glycan biomarkers have focused on released glycans, where generally no information is obtained about the originating protein or the site. Often, glycans are released from the total pool of serum glycoproteins and each component is monitored relative to the glycan pool. 17−19 This strategy has identified altered glycosylation patterns in numerous physiological states, such as aging, pregnancy, and several different types of cancer. 14,15,20−22 However, because of the release of the glycans from the proteins, the original site and protein of attachment is lost. A technique that distinguishes glycosylation patterns on individual proteins as well as sitespecific glycoforms would provide greater utility to glycan markers. 23, 24 To this end, recent biomarker studies have started to focus on the glycosylation of individual proteins, mostly immunoglobulin G (IgG). These studies involve some form of protein enrichment, often immunoprecipitation, prior to analysis. Analysis is performed either on the released glycan 25−28 or on the glycopeptide from the Fc region. 29−34 These methods have relied on quantitation of the specific glycoforms relative to the total profile with little or no regard to protein expression. 18, 31, 35 Methods employing MRM have been used to examine glycoproteins, with a focus on peptide quantitation. Sialylated or fucosylated glycopeptides were examined using enrichment, followed by deglycosylation prior to peptide analysis. 36, 37 This approach quantitates glycosylation on peptides but yields no information regarding individual glycoforms. MRM of glycopeptides was developed using precursor ion scans to monitor oxonium ions and identify intact glycoproteins in depleted serum. MRM transitions were then developed for glycopeptides, but no quantitation of the glycopeptides or their corresponding proteins was obtained. 38 A similar method was employed for haptoglobin, whereby the glycopeptide signal was normalized to the protein peptide signal, thus taking both the protein concentration as well as the glycan heterogeneity into account. 39 However, protein quantitation was performed using a second method, and the accuracy of the MRM method was not determined.
In this report, we employ the power of MRM to observe and quantify glycoforms of glycoproteins directly from serum without protein enrichment and with glycoform quantitation relative to absolute protein abundances. We performed studies on tuning the MS conditions for glycopeptides and systematically studied the MRM behavior of peptides and glycopeptides from the serum glycoprotein IgG for the absolute quantification of IgG in biofluids. Furthermore, the site-specific glycosylation profile was obtained and normalized to the absolute protein concentration. The optimized method yields both the absolute amount of the glycoprotein and the site-specific quantitation of individual glycoforms. This strategy is applicable to all glycoproteins in biological samples but can be performed directly in the fluid for relatively abundant proteins, without protein enrichment. It is anticipated that this method will have considerable value for use in disease biomarker discovery.
■ EXPERIMENTAL PROCEDURES
A brief description of the experimental procedures is given here. A more detailed version of the materials and methods used can be found in the Supporting Information. 
B
Sample Peparation. In total, 100 μg of IgG standard and 2 μL of serum sample were reduced and alkylated prior to trypsin digestion in a 37°C water bath for 18 h. The resulting peptide samples were used directly for mass spectrometric (MS) analysis without further sample cleanup or dilution.
Ultra High-Pressure Liquid Chromatography−Electrospray Ionization (UPLC−ESI)-QqQ Analysis. The peptide samples were analyzed using an Agilent 1290 infinity UPLC system coupled to an Agilent 6490 triple quadrupole mass spectrometer (Agilent Technologies, Santa Clara, CA). An Agilent Eclipse plus C18 column (RRHD 1.8 μm, 2.1 mm × 100 mm) was used for UPLC separation.
Upon injection of 1 μL of sample, peptides and glycopeptides were separated using a 10-min binary gradient consisting of solvent A of 3% acetonitrile, 0.1% formic acid; solvent B of 90% acetonitrile, 0.1% formic acid in nanopure water (v/v) at a flow rate of 0.5 mL/min. To reduce the cycle time, the instrument was used in the dynamic MRM mode at unit resolution and peptide and glycopeptides ionization was performed in the positive mode. The MRM results were analyzed using Agilent MassHunter Quantitative Analysis B.4.0 software. Nano-LC-Chip-Quadrupole Time-of-Flight (QTOF) Analysis. For profiling, 3 μL of sample was injected into an Agilent 1200 series HPLC-Chip system coupled to an Agilent 6520 QTOF (Agilent Technologies, Santa Clara, CA). The microfluidic chip consisted of two C18 columns (300 Å, 5 μm): one for enrichment (4 mm, 40 nL) and one for separation (43 mm × 75 μm). A 60-min LC separation was performed using a binary gradient at 0.3 μL/min flow rate: solvent A consisted of 3% acetonitrile, 0.1% formic acid in nanopure water (v/v); solvent B consisted of 90% acetonitrile, 0.1% formic acid in nanopure water (v/v). The mass spectrometer was operated in the positive mode. The collision energy used for the tandem experiment was calculated on the basis of the m/z value using the relationship:
■ RESULTS AND DISCUSSION
We developed a method for the absolute quantitation of human immunoglobulin G and its glycoforms directly from serum using multiple reaction monitoring on a QqQ-MS. A human IgG standard was used to systematically study the behavior of IgG peptides and glycopeptides in MRM experiments and develop a method for the quantitative analysis of IgG and its glycoforms; the method was then applied to a pooled serum sample and subsequently sera from 10 healthy individuals. Because MRM is based on the detection and quantitation of specific fragment ions, the collision induced dissociation (CID) behavior of the tryptic peptides and glycopeptides of the four different subclasses was first studied using QTOF-MS. On the basis of these results, MRM transitions were developed on the QqQ-MS, and the instrument parameters were optimized to get the best sensitivity for glycopeptides. Both peptides and glycopeptides were quantified using MRM in the same run. The absolute amount of the IgG protein was determined using a peptide calibration curve, while the degree of glycosylation was normalized to the total protein content. Using this strategy, the abundance of the protein and the degree of protein glycosylation was monitored simultaneously and at the site-specific level.
Fragmentation of IgG Peptides and Glycopeptides. An IgG protein standard was subjected to trypsin digestion, and the resulting peptides and glycopeptides were analyzed using LC− Q-TOF MS/MS to evaluate the fragmentation behavior of peptides and glycopeptides. The IgG standard was observed to contain all four IgG subclasses: IgG1 (UniProtKB ID, P01857), IgG2 (P01859), IgG3 (P01860), and IgG4 (P01861). The tryptic peptide DTLMISR is common to the Fc region of all four subclasses of IgG and may therefore be used for the absolute quantitation of IgG. In Figure 1a , the tandem mass spectrum of this peptide is shown to consist of mostly b-and y-ions. The CID fragmentation patterns for peptides that are unique to each subclass of IgG were also examined including FNWYVD-G V E V H NA K f o r I g G 1 , C CV E C P P C P A P PV A G P -SVFLFPPKPK for IgG2, WYVDGVEVHNAK for IgG3 and TTPPVLDSDGSFFLYSR for IgG4. As shown in Figure SI -1 in the Supporting Information, mostly b-and y-ions were observed from the tandem MS of these peptides.
Nanoflow LC−MS analysis with the Q-TOF instrument allowed identification of the glycopeptides based on the accurate mass and the tandem MS. The fragmentation spectra contained the typical glycan fragment ions, the so-called "oxonium ions" corresponding to the small glycan fragments, that have been observed previously by this group 40, 41 and others, 33, 42, 43 including m/z 204.08 (HexNAc), 366. Figure 1b ,c, and the predicted glycan fragments are clearly visible with high intensities. As listed in Table 1 , 26 glycopeptide compositions were readily identified from the IgG standard. These results are in good correspondence with the literature. 24, 31, 33, 44 Other studies have reported six sialylated glycopeptides for the IgG Fc region, 33, 44 of which four have very low abundances.
IgG Quantitation Using MRM. Quantitation of Proteins. It should be noted that the choice of the peptides for quantitation has several requirements. First, the peptides should be unique, i.e., they should not be present in other serum proteins. Second, peptides that contain post-translational modifications (PTMs), such as phosphorylation, methylation, etc., should be avoided to limit variation across samples. Third, peptides should not contain amino acids that are found to undergo deamination or oxidation because these modifications are normally incomplete and can vary across experiments. Some amino acids are found to undergo modifications more easily than others. Examples include glutamine and tryptophan, which deaminates 45 and oxidizes, 46 respectively. Peptides containing these amino acids must be carefully examined by performing extensive repeatability studies to ensure that they are not modified biologically or during the processing. In this study, only peptides with high repeatability characteristics were used for quantitation. From the fragmentation patterns obtained with the LC−Q-TOF-MS/MS, MRM transitions were developed for the peptides. The IgG peptide common to all four types and selected for quantitation is DTLMISR. The MRM transition from the quasimolecular ion ([M Table 1 .
Quantitation of Glycopeptides. Tandem MS of glycopeptides yielded both m/z 204.8 and m/z 366.14. MRM transitions were developed from the quasimolecular ions to either fragments depending on which was more abundant. The MRM transitions for all the glycopeptides monitored are shown in Table 1 . Glycopeptides from IgG3 and IgG4 could not be distinguished, as their peptide moieties (IgG3, EEQYNSTFR; IgG4, EEQFNSTRY) share the same amino acid composition and therefore identical masses. However, IgG1 and IgG2 yielded distinct glycopeptides and could thus be monitored individually.
MRM is a nonscanning technique, where each transition is detected individually and the detection of multiple transitions occurs concurrently in duty cycles. Important parameters in the MRM method are therefore the cycle time, which is the time spent monitoring all transitions in one duty cycle, and the dwell time, which is the time spent acquiring a specific transition during each duty cycle. Increasing the cycle time will result in limited sampling and thus poor data quality, while shorter dwell times would result in a poorer signal-to-noise ratio, especially for lower abundance analytes. Retention of glycopeptides on C18 stationary phases relies mainly on the peptide moiety of the glycoconjugates. Therefore, glycopeptides that originate from the same site and thus share the same peptide generally elute closely together. As a result, a large number of concurrent transitions will result in either longer cycle time and thus a lower frequency of data points or shorter dwell time. To reduce the number of concurrent transitions in our experiments, only one transition was monitored for each glycopeptide. Monitoring just one transition for the glycopeptides provides enough information, as the transition to the oxonium ion both identifies the compound as a glycopeptide and provides good quantitation. Moreover, a dynamic MRM method was applied to further reduce the number of concurrent transitions. In dynamic MRM, a specific analyte is only monitored at the time it elutes, which greatly reduces the number of concurrent transitions and saves the duty cycle only for the coeluting compounds. In our experiment, the cycle time was fixed at 500 ms to ensure enough data points per compound and obtain similar sampling across Analytical Chemistry Reverse Phase-Ultra High-Pressure Liquid Chromatography (RP-UPLC). UPLC separation is significantly faster than standard HPLC. An example chromatogram obtained from the MRM transitions is shown in Figure 2 . Good separation was obtained with total run times as low as 10 min. IgG glycopeptides elute earlier than most of the peptides (Figure 2) , which is advantageous, as it reduces the charge competition during electrospray ionization resulting in higher glycopeptide sensitivity. Peptides ionize more easily than glycopeptides 47, 48 and will suppress their signal when they elute simultaneously.
IgG1 glycopeptides were all eluted at 2.2 min, followed by IgG3/4 glycopeptides at 3.6 min and then IgG2 glycopeptides at 4.2 min. Generally, the sialylated glycopeptides show slightly greater retention on the C18, resulting in somewhat later elution, however the retention was influenced mostly by the peptide moiety. This elution pattern is in accordance with previous literature. 33 Generally, no glycan isomer separation was observed using a 10-min gradient. Quantitation of Protein Glycosylation. Normalized Glycoform Abundances. Quantitation of protein glycosylation is currently limited to relative quantitation due to the lack of glycan/glycopeptide standards. Absolute ion abundances are used to obtain relative quantitative information. 47, 49, 50 Absolute ion abundances, however, are greatly affected by protein concentration. Comparing glycoforms between sample yields changes in both glycan and protein abundances. To determine changes in glycosylation at the protein specific level, it is necessary to monitor protein concentration. We developed a method to monitor the absolute protein abundances of each IgG subclass as well as glycopeptides for each subclass. Here, the glycopeptide signals were normalized to the protein abundances to separate out the contribution of protein concentration (equation shown below). Table 1 . One MRM transition was monitored for each glycopeptide; two MRM transitions were monitored for each peptide.
Analytical Chemistry This method allows normalization to IgG1 and IgG2. Glycopeptides from IgG3 and IgG4 could not be distinguished, thus the signals were normalized to the sum of the two peptides from IgG3 and IgG4. This strategy allows both the determination of the glycoprotein concentration as well as the absolute and relative abundances of the different glycoforms in a given sample. The normalized glycan intensities for IgG 1, 2, and 3/4 are shown in parts a, c, and d of Figure 3 , respectively.
Comparison of Abundances Across Glycoforms Using MRM. The lack of glycopeptide standards hampers relative comparison between glycoforms as their response factors may differ due to the differences in ionization efficiency and fragmentation efficiency. Recently, it was reported that the ionization efficiencies of different glycoforms with the same peptide moiety are very similar in ESI. 51 Thus, the major concern for relative comparisons using MRM is the differences in fragmentation efficiencies. Direct mass spectrometry using, for example, an LC−ESI-TOF instrument is expected to provide more accurate relative quantitation compared to a MRM when comparing different ionic species, because it is not dependent on fragmentation. Indeed the technology is widely used to perform relative quantitation of different compounds. 25, 44, 52 We therefore compared the IgG glycopeptide abundances obtained from MRM using a UPLC−QqQ-MS with the abundances obtained from direct MS scans using a nano-LC-Chip-Q-TOF to assess the utility of MRM for quantitation of different glycoforms. Figure 3a ,b shows that both QTOF and QqQ yield similar relative abundances that very closely resembles the distribution observed by matrix-assisted laser desorption ionization (MALDI)-TOF-MS. 31 That is, glycoforms that are observed with high abundances in the ESI-QTOF and the MALDI-TOF also produce strong MRM signals in the QqQ. Furthermore, the relative distribution appears very similar suggesting that it may be possible to compare abundances between different IgG glycoforms through their MRM signals.
■ REPEATABILITY OF THE METHOD
To evaluate the intraday repeatability of the MRM quantitation, 1.0 μL of a tryptic digest of the IgG standard was injected three times. The results are depicted in Figure SI-2a,b in the Supporting Information. Clearly, the peak areas of both the peptides as well as the glycopeptides were highly repeatable, with a RSD lower than 10%.
The interday repeatability of the instrument response was evaluated by analyzing the same sample (stored at −80°C) once per week for a total period of 3 weeks. The results depicted in Figure SI-2c,d in the Supporting Information show high interday instrument repeatability for the glycopeptide (RSD = 8.1%). However, for the peptide NQVSLTCLVK, a higher standard deviation was observed (RSD = 25.5%). The larger variation in this peptide was found to be due to the deamination of the glutamine residue. As a result, this peptide was not chosen for protein quantitation. Studies of the peptides used for quantitation showed better interday instrument repeatability (RSD 3−14%, data not shown).
Tryptic digestion is based on the enzymatic activity of the trypsin, and it is widely known that different degrees of amino acid modification and missed cleavages during enzyme digestion may generate different tryptic peptide profiles. Such variations in peptide sequence will decrease the repeatability and accuracy of the MRM quantification. Therefore, the interday and intraday repeatability of the trypsin digestion were assessed using the IgG standard. Results for the analysis of three samples that were digested on the same day are depicted in Figure SI -2e,f in the Supporting Information. A high intraday repeatability of less than 6% was observed, even for peptides which were found to have modifications, such as NQVSLTCLVK. However, as depicted in peptides have clearly higher RSDs. The larger variation is likely due to incomplete trypsin digestion and different degrees of modifications such as deamination and oxidation. Since only one peptide is needed for quantitation, it was chosen to monitor peptides with high intra-and interday repeatability. Interestingly, the glycopeptide responses were generally very repeatable in both intraday and interday experiments.
■ APPLICATION Direct Analysis of IgG and Its Glycosylation Pattern from Human Serum. While the method development was performed on an IgG standard sample, glycosylation analyses of IgG are necessarily performed with biofluids such as serum or plasma. Currently, capturing methods using protein A or protein G are used to enrich IgG prior to analysis; 29, 31 however, with the targeted MRM strategy these methods may not be necessary. Indeed, when a tryptic digest of serum was analyzed directly using our optimized method, all 5 peptides and 26 glycopeptides were readily observed as shown in Figure 2b ,c.
To determine the absolute amount of IgG in the pooled serum sample, the peak area of the peptide from the Fc region and common to all four IgG subclasses was used. A serial dilution of the tryptic digest of the IgG standard was made to concentrations of 9.00 × 10 −3 μg/mL, 9.00 × 10 −2 μg/mL, 9.00 × 10 −1 μg/mL, 9.00 μg/mL, 18.0 μg/mL 90.0 μg/mL, 1.80 × 10 2 μg/mL, 4.50 × 10 2 μg/mL, and 9.00 × 10 2 μg/mL, and 1.0 μL of each of the concentrations was injected. The resulting calibration curve is shown in Figure SI-3 in the Supporting Information and shows a dynamic range over 1000, a limit of detection (LOD) of 0.060 fmol, and a limit of quantitation (LOQ) of 0.60 fmol. The calibration was fitted linearly with an R 2 of 1.000 for concentrations from 0.901 μg/mL to 4.50 × 10 2 μg/mL, and the absolute amount of IgG in the pooled serum was determined to be 10.1 ± 0.2 mg/mL. The glycosylation profile of the pooled serum sample was also determined and could be shown to be similar to the glycosylation profile of the IgG standard in Figure  2a ,b.
To assess the effects of the tryptic digestion on the IgG quantitation, different digestion times and enzyme amounts were evaluated, and it was observed that 1 μg of trypsin is sufficient to digest 2 μL of pooled serum in 18 h (data not shown). Furthermore, no difference was observed by increasing the alkylation time from 30 min to 60 min.
To study the matrix effects of the serum on the absolute IgG quantitation, a standard addition experiment was performed. Equal portions of tryptic digest of pooled serum and IgG standard solutions (18.0 μg/mL, 90.0 μg/mL, and 1.80 × 10 2 μg/ mL, respectively) were combined and analyzed using LC−QqQ-MS. Figure SI-4 in the Supporting Information shows the linear regression of the experiment. From the standard addition experiment, the IgG concentration of the pooled serum was determined to be 11.5 ± 0.5 mg/mL, while the original result was 10.1 ± 0.2 mg/mL. The result shows a high recovery rate of 87.8%, indicating that the matrix effects from serum are limited. Better recoveries may still be obtained using a longer HPLC gradient to reduce ion suppression due to the coeluting interfering ions; however, this will substantially increase the analysis time. We decided therefore to apply the shorter analysis time to the serum samples.
Application to Samples from 10 Healthy Individuals. To evaluate the variation in absolute IgG concentration as well as the relative glycosylation profile in the general population, the optimized method was applied to 10 serum samples from healthy individuals. First, the absolute concentrations of IgG in the sera were determined, and the results are shown in Table SI-2 in the Supporting Information. The average concentration of IgG in serum was 10.6 mg/mL with a standard deviation of 3.1 mg/mL. The observed concentrations are in the same range as those previously reported. 53, 54 There is a relatively large variation between individuals (RSD = 29%), which further supports the need for considering protein concentrations in the glycosylation analyses.
We then measured the glycopeptides of the 10 individuals. The results of two specific glycoforms (Hex 4 HexNAc 4 Fuc 1 and Hex 3 HexNAc 4 Fuc 1 ) on two subtypes (IgG1 and IgG2) are shown in Figure 4 , while the result for all other glycoforms monitored are depicted in Figure SI -5 in the Supporting Information. For most glycans, the variation in the glycan abundances, here representing the interindividual differences, is significant when using the absolute glycopeptide ion abundance. However, the variation often becomes smaller when the glycopeptides are normalized to the protein content suggesting that protein concentration contributes considerably to the variation in glycopeptide abundance. It also has to be noted that the normalized and unnormalized abundance may show completely different trends for some of the samples, suggesting that the true effects of the changes in glycosylation may be attenuated by the absolute glycopeptide (and hence protein) abundances.
■ CONCLUSION
We conducted a systematic evaluation of multiple reaction monitoring for the quantitation and glycoprofiling of immunoglobulin G, one of the most abundant proteins in serum. It was observed that MRM is a powerful technique for the absolute quantitation of immunoglobulin G and the site-specific glycosylation quantitation relative to the protein content. The selectivity of the technique allows for the direct analysis of IgG in serum, without purification. The sensitivity of the MRM method allows detection of IgG at the attomole level. The method facilitates simultaneous determination of IgG protein content as well as glycan profiles, which may be normalized to the protein content. It is anticipated that this method will facilitate further studies toward protein-and site-specific glycosylation patterns, whether for protein characterization or biomarker discovery studies. 
